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(54) Chip antenna element, antenna apparatus and communication apparatus comprising the 
same 



(57) A chip antenna element comprises (a) a radia- 
tion electrode formed on at least one surface of an in- 
sulating substrate, such that the radiation electrode ex- 
tends from a first end of the substrate or its vicinity to a 
second end of the substrate or its vicinity, with a width 
decreasing substantially continuously and/or stepwise, 
thereby having a wide rear end on the side of the first 
end of the substrate and a narrow tip end on the side of 



the second end of the substrate, (b) a first grounding 
electrode connecting directly or via a gap to the rear end 
of the radiation electrode, (c) a second grounding elec- 
trode opposing the tip end of the radiation electrode via 
a gap, and (d) a feeding electrode formed on at least 
one surface of the substrate at a position facing an in- 
termediate point of the radiation electrode, with or with- 
out contact with the radiation electrode. 



Fig. 2 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to a microstrip- 
line chip antenna element suitable for microwave wire- 
less communications apparatuses such as portable 
wireless phones and wireless local area network LAN, 
and an antenna apparatus comprising such a chip an- 
tenna element and a communications apparatus com- 
prising such an antenna apparatus. 

PRIOR ART 

[0002] In microwave wireless communications appa- 
ratuses, particularly portable communications appara- 
tuses such as cellular phones, monopole antennas and 
microstrip-line antennas are generally used for achiev- 
ing miniaturisation and reduction in thickness. A micro- 
strip-line antenna element put into practical use at 
present has, as described in JP-A-1 0-209740, a radia- 
tion electrode formed on an upper surface of a dielectric, 
rectangular parallelepiped body, high-frequency electric 
signal being fed from below. Fig. 36 schematically 
shows the structure of this microstrip-line antenna ele- 
ment. When operated as an antenna, the antenna ele- 
ment is mounted onto a printed circuit board having a 
ground conductor 96, and a feeding line 94 is disposed 
on a lower surface of the printed circuit board. An electric 
line force F is generated between an open end 91 of a 
radiation electrode 90 and the ground conductor 96, 
whereby a magnetic flux is generated in a perpendicular 
direction to the radiation electrode 90, efficiently emit- 
ting electromagnetic wave to the space. The length D of 
the radiation electrode 90 is usually about 1/4 of a wave- 
length, generating a magnetic flux in a perpendicular di- 
rection to the radiation electrode 90 at resonance, the 
direction of an electric line force F being in perpendicular 
to the magnetic flux emitted from the end surface 91 of 
the radiation electrode 90. With respect to the shape of 
the radiation electrode 90 in a plan view, various shapes 
such as circle, pentagon, etc. are proposed in addition 
to rectangle, though vertically or horizontally symmetric 
shapes are mostly used. 

[0003] Antennas used for portable communications 
apparatuses should be small, efficient in radiation and 
substantially omni-directional. For this purpose, a small 
antenna element has a structure in which a radiation 
electrode is disposed on an upper surface or inside of 
an insulating substrate, because the wavelength of elec- 
tric current flowing through the radiation electrode is 
made shorter by influence of the insulating substrate. 
Because the same radiation effect can be kept even 
though the radiation electrode is made shorter, the an- 
tenna can be miniaturised. The necessary length d of 
the antenna is represented by the following equation (1): 



d = c/(2f 0 7Tr) (1) 

wherein er is a specific dielectric constant of the insulat- 
5 ing substrate, f 0 is a resonance frequency, and c is the 
velocity of light. 

[0004] As is clear from the equation (1), the length d 
of an antenna element having a microstrip-line structure 
can be made shorter as the insulating substrate has a 
10 larger specific dielectric constant er at a constant reso- 
nance frequency f 0 . In other words, with a substrate hav- 
ing a high specific dielectric constant er, a small micro- 
strip-line antenna element can be obtained with the 
same performance. Because a small antenna element 
15 is indispensable particularly for cellular phones, etc., the 
development of smaller, high-performance antenna el- 
ements has been desired. 

[0005] There is an inverted F antenna as an antenna 
applicable to portable communications apparatuses 
20 other than the microstrip-line antenna. The inverted F 
antenna is constituted by an F-shaped antenna conduc- 
tor comprising a bent portion at an end connected to a 
ground conductor plate, a centre bent portion connected 
to a feeding line via a gap. Because the antenna con- 
25 ductor needs only to be as long as about 1/4 of a wave- 
length, it may be regarded as an antenna having a 
shape obtained by laterally expanding the microstrip- 
line antenna element. 

[0006] The conventional microstrip-line antenna ele- 
30 ment has the following disadvantages in miniaturisation. 
That is, when the radiation electrode is made smaller by 
increasing the specific dielectric constant er of an insu- 
lating substrate, a resonance bandwidth of the reso- 
nance frequency f 0 becomes narrower, whereby the an- 
35 tenna is operable only in a narrow frequency range. This 
means the restriction of a frequency range available for 
communications, not preferable for antenna for cellular 
phones, etc. Accordingly, to develop a practically useful 
antenna, it should have wide bandwidth characteristics. 
40 Particularly in multi-frequency antennas using two or 
more frequencies, the phenomenon of narrowing a 
bandwidth is a serious problem, which cannot be con- 
trolled only by the properties of the insulating substrate. 
[0007] A resonance bandwidth BW, a resonance fre- 
45 quency f 0 and a Q value representing the performance 
of an antenna at resonance meet the following relation: 

BW = f 0 / Q (2) 

50 

[0008] The height H a microstrip-line antenna element 
equal to the thickness of its insulating substrate and the 
Q value meet the following relation: 

55 

Q<x er/H (3) 
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[0009] Known as a small microstrip-line antenna is an 
antenna having a radiation electrode divided to two 
parts at centre, one end of the divided radiation elec- 
trode is electrically connected to a ground conductor 
plate (Hiroyuki Arai, "New Antenna Engineering," Sogo- 
Densi Shuppan, pp. 109-112). Because the length of the 
radiation electrode is about 1/4 of a wavelength at res- 
onance frequency, this antenna is as small as about 
50% of the conventional antenna. 
[0010] JP-A-11-251816 discloses a microstrip-line 
antenna element operable at an expanded bandwidth 
with a radiation electrode formed on an edge region (ad- 
jacent two surfaces) of the substrate. When this micro- 
strip-line antenna element is assembled in a portable 
communications apparatus, however, a radio wave 
emitted mainly from the end of the radiation electrode 
induces electric current in a nearby casing or in conduc- 
tors on the circuit board, making the current-induced 
conductors function as an apparent antenna. Thus, the 
characteristics of this antenna is variable depending on 
ambient environment, causing impedance mismatching 
at a feed point and the variation of radiation directivity. 
[0011] Further, because electronic circuit parts 
mounted near the antenna element are affected by a 
high-frequency electromagnetic wave emitted from the 
end of the radiation electrode, there arise problems of 
deteriorating communications performance such as 
noises, errors, irregular oscillation, etc. Conventional 
means for coping with such problems was to fully sep- 
arate nearby circuit parts from the antenna element, fail- 
ing to increase the mounting density of parts near the 
antenna, thus largely hindering the miniaturisation of 
communications apparatuses. 

OBJECT OF THE INVENTION 

[001 2] Accordingly, an object of the present invention 
is to provide a small microstrip-line antenna element 
having a sufficient Q value with high gain and broad 
bandwidth. 

[0013] Another object of the present invention is to 
provide an antenna apparatus comprising such an an- 
tenna element mounted onto a circuit board with im- 
proved mounting density without affecting nearby parts. 
[0014] A further object of the present invention is to 
provide a communications apparatus such as a portable 
information terminal, etc. comprising such an antenna 
apparatus. 

SUMMARY OF THE INVENTION 

[0015] As a result of investigation by simulation to 
achieve the miniaturisation and increase in bandwidth 
of an antenna element, it has been found: (1 ) the anten- 
na element can equivalently be provided with a plurality 
of resonance circuits by properly designing the shapes 
of a radiation electrode and grounding electrodes; (2) 
radiation directivity can be achieved with high gain and 



without unnecessary field emission by properly design- 
ing the arrangement of electrodes; and (3) an area oc- 
cupied by the antenna can be reduced while providing 
good antenna characteristics by properly designing the 
5 mounting of an antenna onto a ground conductor. The 
present invention is based on these findings. 
[0016] Thus, the chip antenna element of the present 
invention comprises an insulating substrate and a radi- 
ation electrode formed on at least one surface of the in- 
sulating substrate, the radiation electrode extending 
from a first end of the substrate or its vicinity to a second 
end of the substrate or its vicinity, with a width decreas- 
ing substantially continuously and/or stepwise. 
[0017] The chip antenna element according to one 
embodiment of the present invention comprises (a) a 
grounding electrode formed on a first end surface and/ 
or a nearby surface region of an insulating substrate, (b) 
a radiation electrode formed on at least one surface of 
the substrate, such that the radiation electrode extends 
from the grounding electrode with or without a gap to a 
second end of the substrate or its vicinity, with a width 
decreasing substantially continuously and/or stepwise, 
thereby having a wide rear end on the side of the first 
end of the substrate and a narrow tip end on the side of 
the second end of the substrate, and (c) a feeding elec- 
trode formed on at least one surface of the substrate at 
a position facing an intermediate point of the radiation 
electrode, with or without contact with the radiation elec- 
trode. 

[0018] The chip antenna element according to anoth- 
er embodiment of the present invention comprises (a) a 
radiation electrode formed on at least one surface of an 
insulating substrate, such that the radiation electrode 
extends from a first end of the substrate or its vicinity to 
a second end of the substrate or its vicinity, with a width 
decreasing substantially continuously and/or stepwise, 
thereby having a wide rear end on the side of the first 
end of the substrate and a narrow tip end on the side of 
the second end of the substrate, and (b) a grounding 
electrode opposing the tip end of the radiation electrode 
via a gap, and (c) a feeding electrode formed on at least 
one surface of the substrate at a position facing an in- 
termediate point of the radiation electrode, with or with- 
out contact with the radiation electrode. 
[0019] The chip antenna element according to a fur- 
ther embodiment of the present invention comprises (a) 
a radiation electrode formed on at least one surface of 
an insulating substrate, such that the radiation electrode 
extends from a first end of the substrate or its vicinity to 
a second end of the substrate or its vicinity, with a width 
decreasing substantially continuously and/or stepwise, 
thereby having a wide rear end on the side of the first 
end of the substrate and a narrow tip end on the side of 
the second end of the substrate, (b) a first grounding 
electrode connecting directly or via a gap to the rear end 
of the radiation electrode, (c) a second grounding elec- 
trode opposing the tip end of the radiation electrode via 
a gap, and (d) a feeding electrode formed on at least 
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one surface of the substrate at a position facing an in- 
termediate point of the radiation electrode, with or with- 
out contact with the radiation electrode. 
[0020] One of the first and second grounding elec- 
trodes is preferably in contact with the radiation elec- 5 
trode, whereby the intensity of a radiating electric field 
decreases in a longitudinal direction of the radiation 
electrode and increases in a direction perpendicular 
thereto. 

[0021] The chip antenna element preferably further 10 
comprises an extension electrode connected to the tip 
end of the radiation electrode and formed on a second 
end surface of the substrate and/or its nearby region on 
at least one side surface adjacent thereto. The exten- 
sion electrode preferably is narrower than the tip end of 15 
the radiation electrode. 

[0022] The insulating substrate is preferably in the 
form of a rectangular parallelepiped. Also, a ratio W/S 
of a width W of the wide rear end of the radiation elec- 
trode to a width S of the narrow tip end of the radiation 20 
electrode is preferably 2 or more, more preferably 2-5. 
The radiation electrode is preferably formed on adjacent 
side surfaces of the insulating substrate. Further, the 
feeding electrode is preferably located at a position de- 
viating from a centre of the substrate toward the tip end 25 
of the radiation electrode. 

[0023] The antenna apparatus of the present inven- 
tion comprises the above chip antenna element mount- 
ed onto a circuit board, the radiation electrode of the 
chip antenna element being in parallel with the edge of 30 
a ground conductor of the circuit board, and an open tip 
end of the radiation electrode being not close to the 
ground conductor. 

[0024] There preferably is a gap between the ground- 
ing electrode of the chip antenna element and the 35 
ground conductor of the circuit board. The feeding elec- 
trode is preferably located at a position deviating from 
a centre of the substrate of the chip antenna element 
toward the tip end of the radiation electrode. The feeding 
electrode preferably is connected to a feeding line dis- 40 
posed between a pair of ground conductors on the cir- 
cuit board. 

[0025] The communications apparatus of the present 
invention comprises the above antenna apparatus. The 
communications apparatuses of the present invention 45 
may preferably be cellular phones, headphones, per- 
sonal computers, note-size personal computers, digital 
cameras, etc. comprising antennas for bluetooth devic- 
es. 

50 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0026] 

Fig. 1 is a perspective view showing a chip antenna 55 
element for explaining the principle of the present 
invention; 

Fig. 2 is a perspective view showing a chip antenna 



element according to one embodiment of the 
present invention; 

Fig. 3(a) is a view showing an equivalent circuit of 

the chip antenna element shown in Fig. 2; 

Fig. 3(b) is a view showing an equivalent circuit of 

a conventional chip antenna element; 

Fig. 4 is a perspective view showing the structure 

of a radiation electrode in the chip antenna element 

of the present invention; 

Fig. 5 is a graph showing the relations between a 
ratio W/S of the width W of a rear end of the radiation 
electrode to the width S of a tip end of the radiation 
electrode and a resonance frequency f 0 in the chip 
antenna element shown in Fig. 4; 
Fig. 6 is a graph showing the relations between a 
ratio W/S of the radiation electrode and a specific 
bandwidth BW/f 0 ; 

Fig. 7 is a graph showing the relations between W/ 
S of the radiation electrode and a Q value in the chip 
antenna element shown in Fig. 4; 
Fig. 8 is a perspective view showing an antenna ap- 
paratus comprising the chip antenna element of the 
present invention mounted onto a circuit board; 
Fig. 9 is a perspective view showing an antenna ap- 
paratus comprising a chip antenna element of the 
present invention mounted onto another circuit 
board; 

Fig. 10 is a perspective view showing an antenna 
apparatus comprising the chip antenna element of 
the present invention mounted onto another circuit 
board; 

Fig. 1 1 (a) is a graph showing the relations between 
the length of a substrate and a bandwidth in the chip 
antenna element shown in Fig. 10; 
Fig. 1 1 (b) is a graph showing the relations between 
the width of a substrate and a bandwidth in the chip 
antenna element shown in Fig. 10; 
Fig. 11 (c) is a graph showing the relations between 
the dielectric constant of a substrate and a band- 
width in the chip antenna element shown in Fig. 1 0; 
Fig. 1 2 is a perspective view showing a chip anten- 
na element of the present invention to be evaluated; 
Fig. 1 3 is a graph showing the directivity of the chip 
antenna element of Fig. 12 with respect toaZ-axis; 
Fig. 1 4 is a graph showing the directivity of the chip 
antenna element of Fig. 12 with respect to an X- 
axis; 

Fig. 1 5 is a graph showing the directivity of the chip 
antenna element of Fig. 12 with respect to a Y-axis; 
Fig. 16 is a graph showing the bandwidth charac- 
teristics of the chip antenna element of Fig. 12; 
Fig. 1 7 is a perspective view showing a chip anten- 
na element according to a further embodiment of 
the present invention; 

Fig. 1 8 is a graph showing the bandwidth of the chip 
antenna element of Fig. 1 7; 
Fig. 19(a) is a perspective view showing an upper 
surface of a chip antenna element according to a 
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still further embodiment of the present invention; 
Fig. 19(b) is a perspective view showing an upper 
surface of a chip antenna element according to a 
still further embodiment of the present invention 
from an opposite angle; 

Fig. 1 9(c) is a perspective view showing a lower sur- 
face of a chip antenna element according to a still 
further embodiment of the present invention; 
Fig. 20(a) is a perspective view showing an upper 
surface of a chip antenna element according to a 
still further embodiment of the present invention; 
Fig. 20(b) is a perspective view showing an upper 
surface of a chip antenna element according to a 
still further embodiment of the present invention 
from an opposite angle; 

Fig. 20(c) is a perspective view showing a lower sur- 
face of a chip antenna element according to a still 
further embodiment of the present invention; 
Figs. 21-26 are perspective views showing a chip 
antenna element according to still further embodi- 
ments of the present invention; 
Figs. 27-34 are developments showing a chip an- 
tenna element according to still further embodi- 
ments of the present invention; 
Fig. 35 is a view showing various shapes of radia- 
tion electrodes usable in the chip antenna element 
of the present invention; and 
Fig. 36 is a schematic view showing an example of 
conventional microstrip-line antenna elements. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0027] Fig. 1 shows a planar chip antenna element for 
explaining the principle of the present invention, and Fig. 
2 shows a chip antenna element according to one em- 
bodiment of the present invention. In the planar chip an- 
tenna element shown in Fig. 1 , a radiation electrode 13 
is gradually narrowing from a rear end 13a connected 
to a grounding electrode 1 5 connected to a ground con- 
ductor 31 to an open tip end 1 3b opposing a grounding 
electrode 1 7 extending from the ground conductor 31 . 
[0028] The chip antenna element 10 shown in Fig. 2 
comprises an insulating substrate 1 1 substantially in the 
form of a rectangular parallelepiped; a grounding elec- 
trode 15 covering one end surface of the substrate 11 
and its nearby surface region; a radiation electrode 13 
formed as a microstrip conductor on an upper surface 
of the substrate 1 1 , such that it is directly connected to 
the grounding electrode 1 5 and extends therefrom to the 
other end with a width continuously decreasing; and a 
feeding electrode 1 4 formed on the substrate 1 1 without 
contact with the radiation electrode 1 3, such that it feeds 
electric current to the radiation electrode 13 at an inter- 
mediate point. Though Fig. 2 shows a structure in which 
the grounding electrode 17 is opposite to the open tip 
end 13b of the radiation electrode 13 via a gap 12, this 
structure is not indispensable. 



[0029] The important feature of the present invention 
is that the radiation electrode extends from a rear end 
to a tip end with a width decreasing substantially con- 
tinuously and/or stepwise. The tip end of the radiation 

5 electrode is preferably in contact with the grounding 
electrode via a gap (in capacitance coupling). Also, the 
chip antenna element of the present invention is prefer- 
ably mounted onto a circuit board, such that a gap be- 
tween the tip end of the radiation electrode and the 

10 grounding electrode is distant from the ground conduc- 
tor of the circuit board. 

[0030] The width (in a direction perpendicular to a 
high-frequency electric current) of the radiation elec- 
trode 13 is not constant but gradually decreasing as 

15 nearing the gap 12. The high-frequency electric current 
fed from a feed source (high-frequency signal source) 
1 9 via a feeding electrode 1 4 resonates at a frequency 
determined by the inductance of the radiation electrode 
13 and the capacitance of a capacitor between the ra- 

20 diation electrode 13 and a ground, and emits to the 
space as an electromagnetic energy. In this case, there 
arises an electric current distribution mode having a 
node and an antinode at the grounding electrode 1 5 and 
the gap 12, respectively. If the radiation electrode 13 had 

25 a constant width, there would be only one electric cur- 
rent distribution mode. However, because the radiation 
electrode 13 extending between the grounding elec- 
trodes 15,17 has a changing width, a plurality of electric 
current distribution modes are generated, equivalent to 

30 the formation of a plurality of resonance circuits. Be- 
cause each resonance circuit has very close resonance 
frequency, the antenna element macroscopically pro- 
vides resonance characteristics of wide bandwidth, re- 
sulting in decrease in the Q value of the antenna ele- 

35 ment. 

[0031 ] Fig. 3(a) shows an equivalent circuit of the chip 
antenna element of Fig. 2. A feed source 1 9 feeds elec- 
tric current to a radiation electrode 1 3 via inductance Li 
and capacitance Ci generated by the feeding electrode 

40 14, etc. The fed power is consumed by a radiation re- 
sistor R at resonance for emission to the space as elec- 
tromagnetic wave. In the equivalent circuit, portions en- 
circled by dotted lines are a radiation electrode 13 on 
the right side of the feed source 19, and a grounding 

45 electrode 1 7 and a gap 1 2 on the left side, with a capac- 
itance Cg between the radiation electrode 13 and the 
grounding electrode 17. 

[0032] Fig. 3(b) shows an equivalent circuit of the chip 
antenna element comprising a radiation electrode hav- 

50 ing a constant width. In this case, the radiation electrode 
can simply be represented by inductance L and capac- 
itance C. On the other hand, in the case of the chip an- 
tenna element of the present invention comprising a ra- 
diation electrode having a changing width, the radiation 

55 electrode should be treated like a distributed constant. 
That is, the radiation electrode may be regarded as a 
combination of a large number of gradually changing in- 
ductance and a large number of gradually changing ca- 



5 



9 



EP 1 146 589 A1 



10 



pacitance connected to each other. Accordingly, the 
equivalent circuit of the radiation electrode 13 is repre- 
sented by a ladder circuit comprising a plurality of in- 
ductance Lr1 , Lr2, Lr3, ... and a plurality of capacitance 
Cr1, Cr2, ...Because their resonance frequencies are 
extremely close to each other, it looks as if resonance 
takes place continuously, resulting in frequency charac- 
teristics of broad bandwidth. 

[0033] Though the chip antenna element shown in 
Fig. 2 has a trapezoidal radiation electrode, the radiation 
electrode is not restricted to be trapezoidal but may be 
in any shape. The crux of the present invention is that 
in place of a radiation electrode having a constant width, 
a radiation electrode having a width gradually changing 
continuously and/or stepwise is used to provide an in- 
ductance distribution and a capacitance distribution, 
thereby constituting a plurality of resonance circuits, so- 
called parallel, multi-resonance circuits. 
[0034] To know the influence of the shape of an radi- 
ation electrode on the characteristics of the chip anten- 
na element, relations between W/S and various charac- 
teristics are investigated, in the trapezoidal radiation 
electrode shown in Fig. 4, which comprises a wide rear 
end having a width W, a narrow tip end having a width 
S, and a length D. Fig. 5 shows the relation between WV 
S and a resonance frequency f 0 . When W/S exceeds 
about 5, the resonance frequency f 0 tends to be satu- 
rated. Fig. 6 shows the relation between W/S and a spe- 
cific bandwidth BW/f 0 . It is clear from Fig. 6 that when 
W/S becomes about 3 or more, the specific bandwidth 
BW/f 0 is saturated. Fig. 7 shows the relation between 
W/S and a Q value. As W/S increases, the Q value de- 
creases, resulting in a wider bandwidth. When W/S is 
less than 2, the curve of the Q value is too steep to con- 
trol. On the other hand, when W/S exceeds about 5, the 
Q value tends to be saturated. W/S meeting the condi- 
tion of Q < 29 is about 3 or more. The above results 
indicate that W/S is preferably 2 or more, more prefer- 
ably 2-5. 

[0035] If a radiation electrode is formed not only on 
an upper surface of the substrate but also on adjacent 
side surfaces of the substrate, the chip antenna element 
preferably is made smaller with improved radiation di- 
rectivity. The tip end 13b of the radiation electrode 13 
may be provided with an extension electrode extending 
to the second end surface and/or its nearby surface re- 
gions. The extension electrode functions as inductance 
or capacitance, making it easy to improve the radiation 
gain and control the frequency. 

[0036] Fig. 8 shows an example in which the chip an- 
tenna element 10 of the present invention is mounted 
onto ground conductors 31, 31 of the circuit board 30. 
The insulating, rectangular parallelepiped substrate 11 
is covered by the grounding electrode 15 on one end 
surface (first end surface) or its nearby surface regions, 
without ground electrode on a most area of the bottom 
surface. The feeding electrode 1 4 is formed on the sub- 
strate at a position of providing impedance matching. 



The grounding electrode 1 5 of the chip antenna element 
1 0 is connected to the ground conductor 31 of the circuit 
board 30, and the feeding electrode 14 is connected to 
afeeding line 32 between the ground conductors 31,31. 
5 The chip antenna element 1 0 is mounted onto the circuit 
board 30, such that a gap 12 between the tip end 13b 
of the radiation electrode 13 and the grounding elec- 
trode 1 7 is the most distant from the ground conductors 
31, 31. 

w [0037] When the antenna emits a radio wave, electro- 
magnetic energy is emitted to the space by an electro- 
magnetic field generated between the radiation elec- 
trode 13 and the ground conductor 31 , providing an ex- 
tremely weak electromagnetic field at the grounding 

15 electrode 17 on the same voltage level as that of the 
ground conductor 31 , and thus resulting in the radiation 
of extremely small electromagnetic energy. Therefore, 
parts may be mounted onto the circuit board at positions 
near the antenna element. For this reason, it is possible 

20 to eliminate the influence of conductors of the casing 
and the circuit board, thereby preventing errors from oc- 
curring in the parts and thus improving the stability and 
reliability of the antenna characteristics. 
[0038] Fig. 9 shows a typical example of the antenna 

25 apparatus. Both grounding electrodes 15, 1 7 of the an- 
tenna element 1 0 are connected to the ground conduc- 
tors 31 , 31 of the circuit board 30, with a feeding elec- 
trode 14 connected to a feeding line 32. The radiation 
electrode 1 3 is encircled by grounding electrodes 1 5, 1 7 

30 at both lateral ends and the ground conductors 31 , 31 
at bottom, leaving an upper surface and two side sur- 
faces of the antenna element 10 free from electrodes. 
Therefore, there is provided such a directivity that the 
intensity of an electromagnetic field radiated is low in 

35 the longitudinal direction of the radiation electrode 13 
but high in the vertical direction of the radiation electrode 
1 3, resulting in higher gain. Because the influence of an 
electromagnetic wave in the longitudinal direction of the 
radiation electrode 1 3 is reduced by shield effects of the 

40 grounding electrodes 15, 17, there is no problem of er- 
rors or malfunction even though parts 51 are mounted 
outside both end surfaces of the substrate 11 of the an- 
tenna element 10. 

[0039] As shown in Fig. 10, the antenna element 10 
45 is mounted onto ground conductors 31 , 31 of the circuit 
board 30, such that the radiation electrode 13 is in par- 
allel with the edges of the ground conductors 31,31, in 
the present invention. Each grounding electrode 15, 17 
is preferably connected to each ground conductor ex- 
50 tension 31 0 extending from each ground conductor 31 , 
and an electric field-radiating gap 12 between the radi- 
ation electrode 13 and the grounding electrode 17 is 
preferably located at the most distant position from the 
ground conductors 31,31. 
55 [0040] If image current generated in the ground con- 
ductors 31 , 31 of the circuit board 30 by resonance cur- 
rent of the antenna element 10 has an opposite phase 
to that of current in the substrate 1 1 , the radiation of an 
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electromagnetic wave from the antenna element 10 is 
hindered, thereby likely causing decrease in gain and 
the shift of a resonance frequency. As shown in Fig. 1 0, 
if the radiation electrode 13 through which a resonance 
current most flows and the gap 12 are located at the 
most distant positions from the ground conductors 31 , 
31, an electromagnetic field can be generated at the 
most distant position from the ground conductors 31 , 31 , 
thereby remarkably reducing image current. Because a 
bottom surface of the insulating substrate 11 of the an- 
tenna element 10 is mostly free from grounding elec- 
trodes, image current is prevented from flowing through 
the ground conductor 31 . 

[0041] When the antenna element 10 is disposed 
such that it is perpendicular to the edges of the ground 
conductors 31, 31 as in conventional technologies, 
there is a large unoccupied space on the circuit board 
30. On the other hand, when the antenna element 1 0 is 
disposed in parallel with the edges of the ground con- 
ductors 31, 31 as in the present invention, an area oc- 
cupied by the antennaelement 1 0 is drastically reduced, 
resulting in larger freedom of mounting layout and high- 
er mounting density. When the antenna element 10 is 
disposed in parallel with the edges of the ground con- 
ductors 31,31, decrease in gain should be compensat- 
ed. For this purpose, the present invention utilises the 
effects of the shape of the radiation electrode 13 and 
the arrangement of the grounding electrodes 15,17. For 
instance, with the grounding electrode 15 covering all 
the end regions of the substrate 1 1 , an electromagnetic 
field can be concentrated on a region ranging from the 
grounded rear end 13a of the radiation electrode 13 to 
the tip end 13b facing the gap 12. Further, the mounting 
of the feeding electrode 14 at an impedance-matching 
position connecting to the radiation electrode 1 3 with ca- 
pacitance contributes to concentration of an electro- 
magnetic field in the radiation electrode 13. 
[0042] The reason why the radiation electrode 13 of 
the antenna element 10 is disposed in parallel with the 
edges of the ground conductors 31, 31 of the circuit 
board 30 is to obtain the maximum shape effect of the 
radiation electrode 13, thereby maximising the function 
of a capacitor formed between the radiation electrode 
13 and the ground surface. It is clear from Figs. 9 and 
1 0 that the function of a capacitor between the radiation 
electrode and the ground conductor is remarkably high- 
er in the structure of the present invention, in which the 
radiation electrode 13 is disposed in parallel with the 
edges of the ground conductors 31 , 31 , than the con- 
ventional structure, in which the radiation electrode 13 
is disposed in perpendicular to the edges of the ground 
conductors 31 , 31 . 

[0043] Because the antenna element of the present 
invention radiates an electromagnetic field from a gap 
12 between the radiation electrode 13 and the ground- 
ing electrode 17 not only in a radial direction around a 
longitudinal axis of the antenna element 10 but also in 
a direction perpendicular thereto, the antenna element 



can be omni-directional regardless of arrangement 
when mounted in a communications apparatus. 
[0044] Figs. 11(a)-(c) show the relations of a band- 
width BW of the antenna element with the size (length 
5 L and width W) and specific dielectric constant er of the 
insulating substrate 11. Because the bandwidth BW 
changes depending on the size and material of the sub- 
strate 1 1 , the present invention can efficiently be carried 
out by determining the relations of the size and material 
of the substrate 11 and bandwidth as shown in Fig. 11. 
It has been found that the insulating substrate 1 1 is pref- 
erably a rectangular parallelepiped body of 15 mm x 3 
mm x 3 mm made of dielectric Al 2 0 3 ceramic having a 
specific dielectric constant er of 8. An electrode made of 
Ag was formed on the insulating substrate 11 as shown 
in Fig. 10. A radiation electrode 13 was substantially 
trapezoidal, and a ratio W/S of the width W of the rear 
end 1 3a to the width S of the tip end 1 3b was 3. Also, a 
1-mm-long gap (insulating substrate-exposing portion) 
12 was provided between an open tip end of the radia- 
tion electrode 1 3 and a grounding electrode 1 7. The rear 
end 13a of the radiation electrode 13 was directly con- 
nected to a grounding electrode 1 5. A feeding electrode 
14 was formed on a side surface of the substrate at a 
position deviating from a centre toward the gap. The an- 
tenna element 1 0 of the above size having a resonance 
frequency of 2.4-2.5 GHz, a bandwidth of 100 MHz, a 
specific bandwidth of 3.5%, a gain of -5 dBi or more and 
a voltage standing wave ratio VSWR of 3 or less was 
designed for cellular phones or wireless LAN required 
to be omni-directional. 

[0045] The above-described embodiment is simply an 
example, which may properly be changed with respect 
to size and shape depending on design conditions. For 
instance, a columnar dielectric substrate may be used 
in place of the rectangular parallelepiped dielectric sub- 
strate, and substrate materials may be magnetic mate- 
rials, resins or laminates thereof. 
[0046] To expand the bandwidth or adjust the frequen- 
cy, the gap or the radiation electrode is effectively 
trimmed. A rectangular slit (insulating substrate-expos- 
ing portion), which is provided on a slanting side of the 
radiation electrode 13 near an open end, can be 
trimmed to easily achieve matching. 
[0047] The tip end 13b of the radiation electrode 13 
should be opposite to the grounding electrode 17 via a 
gap 1 2, while the rear end 1 3a may be connected to the 
grounding electrode 15 directly or via a gap (capacity 
coupling). 

[0048] What is necessary to suppress the radiation of 
an electromagnetic field from the end surfaces of the 
substrate 11 is to cover the end surfaces of the substrate 
11 with grounding electrodes 15, 17 that are grounded. 
However, to ensure the effects of the grounding elec- 
trodes 15, 17, it is preferable to cover not only the end 
surfaces of the substrate 11 but also nearby regions on 
side surfaces adjacent to the end surfaces. 
[0049] The feeding electrode 14 may be formed on a 
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side surface or a side surface + an upper surface of the 
substrate 1 1 at a position facing the radiation electrode 
13 with or without contact. 

[0050] The antenna element 1 0 may be produced ac- 
cording to the following method. First, a dielectric ce- 
ramic block is cut to a plurality of rectangular parallele- 
piped chips, and worked to a predetermined size. The 
resultant dielectric chip is screen-printed with Ag elec- 
trodes (radiation electrode, grounding electrodes and 
feeding electrode) of predetermined shapes, and baked 
to provide a rectangular parallelepiped antenna element 
of 1 5 mm in length, 3 mm in width and 3 mm in thickness, 
for instance. The antenna element is preferably as thin 
as possible, and with the same thickness and width, an- 
isotropy in a lateral direction disappears, making it easy 
to print electrodes. 

[0051] Fig. 12 shows an antenna apparatus compris- 
ing an antenna element mounted onto a circuit board. 
The antenna element 1 0 is disposed along the edges of 
the ground conductors 31, 31 of the circuit board 30, 
with a feeding electrode 14 connected to a feeding line 
32 connected to a feed source 1 9 located between both 
ground conductors 31, 31. The radiation electrode 13 
has a wide rear end 13a on the side of the grounding 
electrode 15 and extends to a narrow tip end 13b with 
a width decreasing continuously. The gap 12 between 
the tip end 1 3b and the grounding electrode 1 7 is located 
at the most distant position from the ground conductors 
31 , 31 . The feeding electrode 14 is located at a position 
deviating longitudinally from a centre toward the gap 1 2, 
and a centre of the antenna element 10 deviates from 
the centre of the ground conductors 31 , 31 accordingly. 
[0052] The characteristics evaluated are a voltage 
standing wave ratio VSWR, directivity and gain. VSWR 
was determined by connecting a network analyser to a 
feederterminal and measuring impedance when viewed 
from the terminal side. The gain was calculated from 
power received by a reference antenna and the gain of 
a reference antenna, when power radiated from a test 
antenna was received by the reference antenna in an 
anechoic chamber. The directivity was determined by 
measuring the intensity of an electromagnetic field radi- 
ated in the same manner as the measurement of the 
gain, while rotating the antenna element disposed on a 
rotatable table. 

[0053] Figs. 1 3-1 5 show the directivity of the antenna 
element of Fig. 12 when rotated about an X-axis, Y-axis 
and Z-axis. As is clear from Figs. 13-15, the graph of 
gain was substantially circle in any of the three direc- 
tions, indicating that the antenna element was substan- 
tially omni-directional, though there was slight decrease 
in gain observed in the longitudinal direction of the an- 
tenna element. The reason therefor is that an electro- 
magnetic field radiated in the longitudinal direction of the 
radiation electrode 13 was weakened. 
[0054] Fig. 1 6 shows the bandwidth of the antenna el- 
ement 10 of Fig. 12. As compared to the conventional 
antenna elements, the antenna element of the present 



invention shown in Fig. 12 is remarkably improved in 
bandwidth. The bandwidth at a voltage standing wave 
ratio VSWR of 3 was 1 00 MHz. 

[0055] The same measurement was carried out with 

5 the position of the feeding electrode 14 changing from 
a position shown in Fig. 12, at which it deviated from a 
centre of the radiation electrode 13 toward the tip end 
1 3b, to a centre of the radiation electrode 1 3 and further 
to a position on the side of the rear end 13a, thus with 

10 the position of the antenna element 1 0 changing relative 
to the ground conductor 31 . As a result, when the posi- 
tion of the feeding electrode 14 was changed from the 
position shown in Fig. 12, the antenna element 1 0 was 
poor in omni-directionality of bandwidth. This confirmed 

15 that the position of the feeding electrode 14 relative to 
the radiation electrode 13 and the position of the anten- 
na element 10 relative to the ground conductor 31 had 
large influence on omni-directionality of bandwidth. 
[0056] When the feeding electrode 14 for feeding 

20 electric current to an intermediate point of the radiation 
electrode 1 3 is not in contact with the radiation electrode 
13, the feeding electrode 14 can have capacitance 
matching with the radiation electrode 13. Therefore, it 
can be disposed near the open tip end 13b having high 

25 impedance. On the other hand, when the feeding elec- 
trode 14 is in contact with the radiation electrode 13, 
matching is difficult because there is only inductance 
matching, making it inevitable to dispose the feeding 
electrode 1 4 on the side of the wide rear end 1 3a having 

30 low impedance. 

[0057] When a 2-mm gap is provided in the antenna 
element shown in Fig. 17, the bandwidth increased to 
180 MHz at a voltage standing wave ratio VSWR of 3 
as shown in Fig. 18. Even with no gap, the bandwidth 

35 was 1 20 MHz, achieving wider bandwidth than the con- 
ventional one. Though an occupied area slightly in- 
creases, the positioning of the radiation electrode 13 
with a gap of about 2 mm from the ground conductor 31 
is advantageous in bandwidth and radiation gain. 

40 [0058] Figs. 19 and 20 show another embodiment of 
the present invention. In the embodiment of Fig. 19, a 
radiation electrode 13 is disposed not only on an upper 
surface of the substrate 1 1 but also on adjacent side sur- 
faces thereof. With this structure, the radiation electrode 

45 13 is substantially widened, improving the omni-direc- 
tionality of radiation gain, increasing the bandwidth, and 
achieving the miniaturisation of the antenna element. 
The radiation electrode 13 may be extended to a lower 
surface of the insulating substrate 11. As is clear from 

50 Fig. 19(c), the grounding electrodes 15, 17 formed on 
both ends are not electrically connected. 
[0059] The antenna element shown in Fig. 20 has a 
direct feeding system, in which a feeding electrode 14 
is connected to a trapezoidal radiation electrode 13. 

55 Formed on a lower surface of the antenna element 10 
is a conductor 1 8 connected to the grounding electrodes 
15, 17. 

[0060] Figs. 21 -23 show thin antenna elements each 
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having a length of 1 5 mm, a width of 3 mm and a height 
of 2 mm. These antenna elements have various radia- 
tion electrodes 13 each connected directly or via a gap 
to a grounding electrode 15 covering an end surface of 
the substrate 11 or its nearby surface region. The feed- 
ing electrode (not shown) is formed on a rear surface of 
the substrate. In these embodiments, the radiation elec- 
trode 1 3 is formed not only on an upper surface but also 
on adjacent side surfaces. In the embodiment of Fig. 23, 
the radiation electrode 1 3 is meandering. With this struc- 
ture, the radiation electrode 13 is substantially expand- 
ed, thereby providing improved radiation gain in a radial 
direction and broader bandwidth, and achieving further 
miniaturisation. 

[0061] In the embodiment shown in Fig. 21 , there is a 
gap 21 between the radiation electrode 13 and the 
grounding electrode 15. Because the radiation elec- 
trode 1 3 is provided with gaps with grounding electrodes 
at both ends, an electromagnetic field generated from 
the gaps are spread widely, resulting in decrease in a Q 
value and thus broader bandwidth. 
[0062] In the embodiment shown in Fig. 22, the radi- 
ation electrode 13 is partially connected to the ground- 
ing electrode 15. A slit (substrate-exposing portion) 22 
is formed by trimming, and by changing the length and/ 
or width of the slit 22, the resonance frequency of the 
antenna element can be adjusted. A tip end 13b of the 
radiation electrode 13 extends to the second end sur- 
face, and the resultant extension electrode can be used 
as an inductance component or a loaded capacitance 
component. 

[0063] In the embodiment shown in Fig. 23, the radi- 
ation electrode 13 is formed in a meandering manner 
on two adjacent surfaces of the substrate 11. Because 
a resonance current flows through the meandering ra- 
diation electrode 13, the length of the meandering radi- 
ation electrode corresponds to about 1/4 of electrical 
length. Accordingly, the radiation electrode can be made 
shorter, resulting in a further miniaturised antenna ele- 
ment. 

[0064] The antenna elements shown in Figs. 24-26 
are the same as those shown in Figs. 21 -23 except that 
they have grounding electrodes 1 7 facing tip ends of ra- 
diation electrodes 13 via gaps. 

[0065] Figs. 27-34 are developments showing anten- 
na elements according to further embodiments of the 
present invention. In each figure, a hatched portion is 
an electrode. 

[0066] The antenna element shown in Fig. 27 com- 
prises a grounding electrode 1 5 formed on one end sur- 
face of the substrate 11 or its nearby surface region, a 
radiation electrode 13 formed on two adjacent surfaces 
of the substrate 11 such that it longitudinally extends 
from the grounding electrode 1 5 to the other end of the 
substrate 11 with a width decreasing, and an extension 
electrode 1 31 extending from the tip end of the radiation 
electrode 13 on an adjacent side surface. A feeding 
electrode 1 4 has impedance matching with the radiation 



electrode 13. the grounding electrode 15 is provided 
with a slit 22 for trimming, by which the frequency of the 
antenna element can be widely adjusted. 
[0067] The antenna element shown in Fig. 28 com- 

5 prises a relatively wide extension electrode 131 for ca- 
pacitance extending from the tip end 1 3b of the radiation 
electrode 13 on an upper surface and a side surface. 
[0068] The antenna element shown in Fig. 29 com- 
prises an extension electrode 131 extending from the 

10 tip end of the radiation electrode 13 to the second end 
surface. The extension electrode 131 may be formed on 
the entire second end surface as a capacitance elec- 
trode. 

[0069] The antenna element shown in Fig. 30 corn- 
's prises a radiation electrode 13 extending on two adja- 
cent surfaces, and a capacitance electrode 132 formed 
on the second end surface with a gap from the tip end 
of the radiation electrode 13. 

[0070] The antenna element shown in Fig. 31 com- 
20 prises a trimming portion 20 on one end of the radiation 
electrode 1 3, and an extension electrode 131 on the oth- 
er end. With a dummy electrode 133 for soldering, the 
antenna element 1 0 is more strongly bonded to the cir- 
cuit board 30. 

25 [0071] The antenna element shown in Fig. 32 is the 
same as that shown in Fig. 27, except that the grounding 
electrode 15 is formed on the first end surface and its 
nearby surface region on four side surfaces, and that 
the feeding electrode 14 crosses the lower surface of 

30 the substrate 1 1 . With this structure, a sufficient area for 
soldering can be obtained. 

[0072] The antenna element shown in Fig. 33 is the 
same as that shown in Fig. 32, except that a dummy 
electrode 1 33 is formed on the lower surface of the sub- 
35 strate 1 1 instead of extending a feeding electrode 1 4 on 
the lower surface. 

[0073] The antenna element shown in Fig. 34 is the 
same as that shown in Fig. 32, except that it is provided 
with a floating electrode 1 34 on the lower surface of the 

40 substrate 1 1 without extending the feeding electrode 1 4. 
The floating electrode 134 increases capacitance be- 
tween the radiation electrode 13 and a ground, making 
it easy to miniaturise the antenna element and adjust 
the frequency thereof. 

45 [0074] In addition to the above, the antenna element 
of the present invention may be provided with a radiation 
electrode having such a shape as shown in Fig. 35. 
[0075] Though the dielectric substrate is made of in- 
sulating ceramics in the above embodiments, sub- 

50 strates made of resins may be used instead. In the case 
of a resin substrate, it may be provided with a through- 
hole for forming a feed point. 

[0076] An antenna apparatus comprising the antenna 
element of the present invention mounted onto a circuit 
55 board may be assembled in a wireless communications 
apparatus such as a cellular phone, information terminal 
equipment, etc., to provide a substantially omni-direc- 
tional communications apparatus having good antenna 
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characteristics such as gain, bandwidth, etc. As a sur- 
face-mounting antenna element, the antenna element 
of the present invention can have high freedom in design 
with a small occupying area, providing high mounting 
density and thus miniaturising an antenna apparatus 
and thus a communications apparatus comprising the 
antenna apparatus. In the antenna apparatus compris- 
ing an antenna element of 15 mm x 3 mm x 2-3 mm, 
for instance, the antenna element occupies an area of 
50 mm 2 or less, 1 12 or less of a space in the conventional 
antenna apparatus. 

[0077] As described above, the present invention pro- 
vides a substantially omni-directional, small, high-per- 
formance chip antenna element having a wide band- 
width and a high gain and an antenna apparatus com- 
prising such a chip antenna element. Because this an- 
tenna element occupies only an extremely small area 
on acircuit board to which it is mounted, a higher mount- 
ing density can be achieved. Accordingly, a portable 
communications apparatus comprising such an anten- 
na apparatus can be miniaturised, exhibiting stable 
communications performance regardless of the position 
and direction of the apparatus. 



Claims 

1. A chip antenna element comprising an insulating 
substrate and a radiation electrode formed on at 
least one surface of said insulating substrate, said 
radiation electrode extending from a first end of said 
substrate or its vicinity to a second end of said sub- 
strate or its vicinity, with a width decreasing sub- 
stantially continuously and/or stepwise. 

2. A chip antenna element comprising 

a) a grounding electrode formed on a first end 
surface and/or a nearby surface region of an 
insulating substrate, 

(b) a radiation electrode formed on at least one 
surface of said substrate, such that said radia- 
tion electrode extends from said grounding 
electrode with or without a gap to a second end 
of said substrate or its vicinity, with a width de- 
creasing substantially continuously and/or 
stepwise, thereby having a wide rear end on the 
side of the first end of said substrate and a nar- 
row tip end on the side of the second end of 
said substrate, and 

(c) a feeding electrode formed on at least one 
surface of said substrate at a position facing an 
intermediate point of said radiation electrode, 
with or without contact with said radiation elec- 
trode. 

3. A chip antenna element comprising 



The antenna element of claim 4, wherein one of said 
first and second grounding electrodes is in contact 
with said radiation electrode, whereby the intensity 
of a radiating electric field decreases in a longitudi- 
nal direction of said radiation electrode and increas- 
es in a direction perpendicular thereto. 

The antenna element of any preceding claim, fur- 
ther comprising an extension electrode connected 
to the narrow tip end of said radiation electrode and 
formed on a second end surface of said substrate 
and/or its nearby region on at least one side surface 
adjacent thereto, said extension electrode being 
narrower than the tip end of said radiation electrode. 

7. The antenna element of any preceding claim, 
wherein said insulating substrate is in the form of a 



(a) a radiation electrode formed on at least one 
surface of said substrate, such that said radia- 
tion electrode extends from a first end of said 
substrate or its vicinity to a second end of said 

5 substrate or its vicinity, with a width decreasing 

substantially continuously and/or stepwise, 
thereby having a wide rear end on the side of 
the first end of said substrate and a narrow tip 
end on the side of the second end of said sub- 

10 strate, 

(b) a grounding electrode opposing a tip end of 
said radiation electrode via a gap, and 

(c) a feeding electrode formed on at least one 
surface of said substrate at a position facing an 

15 intermediate point of said radiation electrode, 

with or without contact with said radiation elec- 
trode. 

4. A chip antenna element comprising 

20 

(a) a radiation electrode formed on at least one 
surface of said substrate, such that said radia- 
tion electrode extends from a first end of said 
substrate or its vicinity to a second end of said 

25 substrate or its vicinity, with a width decreasing 

substantially continuously and/or stepwise, 
thereby having a wide rear end on the side of 
the first end of said substrate and a narrow tip 
end on the side of the second end of said sub- 
so strate, 

(b) a first grounding electrode connecting di- 
rectly or via a gap to the rear end of said radi- 
ation electrode, 

(c) a second grounding electrode opposing the 
35 tip end of said radiation electrode via a gap, and 

(d) a feeding electrode formed on at least one 
surface of said substrate at a position facing an 
intermediate point of said radiation electrode, 
with or without contact with said radiation elec- 

40 trode. 

5. 
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rectangular parallelepiped. 

8. The antenna element of any preceding claim, 
wherein a ratio W/S of a width W of the wide rear 
end of said radiation electrode to a width S of the 5 
narrow tip end of said radiation electrode is 2 or 
more. 

9. The antenna element of claim 8, wherein the ratio 
W/S is 2-5. 10 

10. The antenna element of any preceding claim, 
wherein said feeding electrode is formed on adja- 
cent side surfaces of said insulating substrate. 

15 

11. The antenna element of any one preceding claim, 
wherein said feeding electrode is located at a posi- 
tion deviating from a centre of said substrate toward 
the tip end of said radiation electrode. 

20 

12. An antenna apparatus comprising the chip antenna 
element recited in any preceding claim mounted on- 
to a circuit board, the radiation electrode of said chip 
antenna element being in parallel with the edge of 

a ground conductor of said circuit board, and an 25 
open tip end of said radiation electrode being not 
close to said ground conductor. 

13. The apparatus of claim 12, wherein there is a gap 
between the grounding electrode of said chip an- 30 
tenna element and the ground conductor of said cir- 
cuit board. 

14. The apparatus of claim 12 or 13, wherein said feed- 
ing electrode is located at a position deviating from 35 
a centre of said substrate of said chip antenna ele- 
ment toward the tip end of said radiation electrode, 
and wherein said feeding electrode is connected to 

a feeding line disposed between a pair of ground 
conductors on said circuit board. 40 

15. A communications apparatus comprising the anten- 
na apparatus recited in any one of claims 12 to 14. 
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Fig. 3 (a) 
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